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Long-distance Bell-type experiments are presented. The different experimental challenges and
their solutions in order to maintain the strong quantum correlations between energy-time entangled
photons over more than 10 km are reported and the results analyzed from the point of view of tests
of fundamental physics as well as from the more applied side of quantum communication, specially
quantum key distribution. Tests using more than one analyzer on each side are also presented.
PACS Nos. 3.65BZ, 3.67.Dd 42.81.-i
I. INTRODUCTION
Entanglement, the possibility for a quantum system composed of several particles to be in a definite state while each
single particle is in a mixed state, is one of the most interesting and puzzling predictions of quantum mechanics. The
history goes back to 1935. Starting from the perfect 2-particle correlations predicted for entangled states, Einstein,
Podolsky and Rosen argued that quantum theory is not complete [1]. In 1964, Bell demonstrated that the attempt
to complete the theory with so called hidden variables and maintaining the locality condition leads to statistical
predictions for measurements along nonorthogonal bases which differ from those given by standard quantum theory
[2]. Tests of the so called Bell inequalities have been made again and again [3–7] in order to show more and more
clearly that the quantum-correlations can not be explained by local hidden variables theories (LHVT). Today, most
physicists are convinced that a future loophole-free test [8] will definitely demonstrate that nature is indeed nonlocal.
However, there is still interest in new experiments, the motivation is threefold. A first aim in future tests is to close
the remaining loopholes. For instance, the fact that the detected pairs of particles form only a small and possibly
biased subensemble of the created pairs, the so-called detection loophole [9], is under investigation at groups in Los
Alamos [10], Texas [11] and Paris [12]. The locality loophole, based on the assumption that the properties of the
correlated particles might be predetermined by the settings of the analyzers [13], has been examined by Aspect et
al in 1982 [5]. Yet, the fast changing of the settings in order to prevent any influence on the photon pairs within
the frame of special relativity has been criticized as not being really random [14]. Recently an experiment has been
realized in Innsbruck in order to close remaining doubts on the locality loophole [15]. Our results with more than one
analyzer on each side can also be considered in this context (see section V.A).
A second motivation for Bell-type tests is evolving from a recent proposal to use entangled particles for a test of
relativistic nonlocality (or multisimultaneity), an alternative quantum theoretical description of nature which unifies
nonlocality and relativity of simultaneity [16]. Such a test requires a large spatial separation between the different
parts of the experiment. Hence it requires that the quantum correlations are maintained even when separating the
particle over scales larger than the usual laboratory ones.
Third, besides these roles as candidates for tests of fundamental physics, entangled particles lie at the heart of the
new field of quantum information processing (or quantum communication) which has evolved in rather big steps during
the last years [17]. Its characteristics is to turn quantum conundrums into potentially useful processes which can not
be achieved using classical physics. One of the most promising results of this new field is quantum key distribution
[17,18], often also referred to as quantum cryptography, a way to establish a secret key between two parties which
can be used afterwards to code and decode a message. The quantum mechanical law that a measurement of an
unknown system will in most of the cases disturb the system is exploited here to reveal an eavesdropper: if none
of the transmitted bits, coded in nonorthogonal states, have been disturbed, no unlegitimate third person has tried
to listen in. Other examples for quantum information processing are dense coding [19] (the possibility to send more
than one bit of classical information encoded in a single quantum bit) and teleportation [20] (transmission of an
arbitrary quantum state from one particle to another one). Algorithms to factorize large numbers with a quantum
computer are known and are much faster than those, known for classical computers [21]. The key word of the whole
field of quantum information processing is entanglement. Two particle entanglement is required for dense-coding and
teleportation and for some schemes of cryptography [22], entanglement of thousands of particles is needed for quantum
computers. Hence the whole field relies on the existence of quantum nonlocality and on the fact that environment-
induced decoherence [23] (and spontaneous collapses [24,25], if it exists) can be kept small or can be prevented for a
sufficiently long time or distance.
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In 1997 and 1998, we performed two series of experiments in order to examine whether energy-time entanglement
is robust enough to be really exploited for the motivations mentioned in the last two paragraphs [26]. The aim of this
article is to draw a concluding line under these Bell-type tests of quantum correlations over more than 10 kilometers,
and to provide the reader with more information about experimental requirements than has been published in short
letters [27,7]. As the results from the 1997 experiment [27] are confirmed in the 1998 one [7], we will mostly focus
on the latter experiment as it is altogether more complex and uses more advanced technology. However, interesting
experimental solutions, chosen in the 1997 experiment will be mentioned as well.
The outline of this paper is the following: After this introduction we will briefly present the theoretical background,
for tests of Bell inequalities as well as for quantum cryptography (section II). Then, we will describe the experimental
setup in section III. This part is divided into several sub-sections, each one focussing on a special detail: two-photon
source, interferometers, dispersion in optical fibers, photon detectors, transmission of results of measurements, and
measurement of correlations. Next, section IV, reports on the results. In addition to Bell tests implying one analyzer
for each of the correlated particles, results for an experiment with three analyzers, two on one end and the third at
the other end (10 km away) will be presented. Finally we will report on new data obtained in a laboratory (short
distance) experiment using four analyzers, two on each side of the source. In the latter experiments, the two nearby
devices analyse the incoming photons randomly, the choice being made by a passive beam splitter. These setups
enable to test directly the CHSH form of Bell-inequalities [28]. Besides that, they can be seen in terms of closing the
locality loophole. Beyond examining fundamental questions, our experiments establish also the feasibility of quantum
cryptography with photon pairs as proposed by Ekert [22] over a significant distance. Two short paragraphs will
briefly discuss our experiments from these two points of view (section V). Finally, a brief conclusion is given in section
VI.
II. THEORETICAL BACKGROUND
A. Tests of Bell inequalities
A Bell-type experiment consists of the following parts: A source emitting pairs of correlated particles, propagating
in different directions. Each particle enters an apparatus analyzing the correlated feature and ascribing a binary value
(±1) to the outcome. The operation of each device is controlled by a knob which sets the parameters δ1(δ2), e.g. phase
shifts of interferometers (when dealing with energy-time correlations) or orientation of polarizers (when using polariza-
tion correlations). The classical information about the detection of a particle, namely when and where it is detected,
is then send to a coincidence electronic which measures the number of time-correlated events Ri,j(δ1, δ2), (i, j = ±1).
R+− denotes e.g. the coincidence count rate between the + labeled detector at apparatus 1 and the - labeled one at
apparatus 2. This enables to calculate the so called correlation coefficient [4]
E(δ1, δ2) :=
R++(δ1, δ2)−R+−(δ1, δ2)−R−+(δ1, δ2) +R−−(δ1, δ2)
R++(δ1, δ2) +R+−(δ1, δ2) +R−+(δ1, δ2) +R−−(δ1, δ2)
(1)
To evaluate this coefficient from measured data, we have to assume that the actually detected particle pairs form a
representative sample of all created pairs. The famous Bell-inequalities point out an upper limit for a combination
of four such correlation coefficients with different analyzer settings δ1, δ2 under assumption of local hidden variable
theories (LHVT). One of the most often used form, known as the Clauser-Horne-Shimony-Holt (CHSH) Bell-inequality
[28] is
S = |E(d1, d2) + E(d1, d′2) + E(d′1, d2)− E(d′1, d′2)| ≤ 2, (2)
where di,d
′
i (i = 1,2) denote values of phases δi.
We now describe the quantum mechanical predictions for a test of Bell-inequalities using energy-time entangled
photons as proposed by Franson in 1989 [29]. Each one of the two entangled photons is directed into an unbalanced
interferometer. Since the path-length difference of the interferometers, exactly the same for both of them, is much
greater than the coherence length of the single photons, no single photon interference can be observed. With reference
to experiments using polarization entangled photons, we refer to this as rotational invariance [30]. However, since
two of the four processes leading to a coincidence detection (each photon can choose either the short or the long arm
of the interferometers) are indistinguishable, fringes can be observed in the rate of coincidence detections between
two detectors belonging to different interferometers. Due to the two noninterfering possibilities (the photons choose
different arms) the visibility of the interference fringes is limited to 50%. However, the latter events can be excluded
from registration provided the detection-time jitter is smaller than the time difference between passing through the
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long or the short arm. The coincidences can then be resolved into two satellite peaks showing no interference effects
and a central interference peak (see Fig. 2). Confining counting only to events in the middle peak [31], an entangled
state is created where either both photons pass through the short arms or both through the long arms:
|ψ〉 = 1√
2
(
|s〉1|s〉2 + |l〉1|l〉2
)
. (3)
The two processes remain coherent with each other if the coherence length of the pump laser is longer than the
difference between short and long arms of the interferometers. The maximum visibility can be increased in principle
up to 100%. The quantum mechanical description leads via the coincidence function
RQMi,j (δ1, δ2) = m(1 + ijV cos(δ1 + δ2)) (4)
(m being the mean value and i,j = ±1) to the correlation function
EQM (δ1, δ2) = V cos(δ1 + δ2). (5)
V denotes the visibility, describing experimental deviation from the maximum value V=1. Using Eq. 5, the settings
d1 = −pi/4, d′1 = pi/4, d2 = 0, d′2 = pi/2, (6)
and assuming V = 1, Eq. (2) yields
S = 2
√
2. (7)
This value is higher than the one predicted by LHVT. The violation thus shows that the description of nature as
provided by quantum mechanics is unreconcilable with the assumptions leading to Bell-inequalities.
Another type of Bell-inequality was given by Clauser and Horne [30] for an experiment with polarizers. A similar
argument can be applied to experiments using interferometers: if it is found experimentally that the single count rates
are constant, and that E(δ1, δ2) = E(∆) holds where ∆ = |δ1 + δ2| is the sum of the phases in both interferometers ,
then Eq. 2 reduces to
S = |3E(∆)− E(3∆)| ≤ 2 (8)
Beyond that, if it is found that the correlation coefficient E is described by a sinusoidal function of the form (5), then
Eq. 2 reduces to
S =
4√
2
V ≤ 2. (9)
Hence, observing a visibility V greater than
V ≥ 1√
2
≈ 0.71 (10)
will directly show that the correlations under test can not be explained by LHVT.
B. Quantum key distribution
As pointed out by Ekert in 1991 [22], two-particle entanglement can be exploited for quantum key distribution.
The same correlations used to show that nature can not be explained by LHVT can be used to establish a sequence
of correlated bits between two users, usually called Alice and Bob. Moreover, a calculation of the Bell parameter S
permits them to check whether a third, unlegitimate party (usually called Eve) tried to extract information from the
quantum channel. In 1992, two further protocols, similar to the so-called BB84 or 4-states protocol [32] and B92 or
2-states protocol [33], resp., but based also on quantum correlation of photon pairs have been published [34,35]. The
setups are similar to the one already described to test Bell inequalities. We will describe only the latter proposal [35].
A source emits pairs of entangled particles flying back to back towards Alice and Bob. Both have an interferometer
to their disposal. (We restrain ourself to energy time entangled photons but every kind of two particle entanglement
will do as well.) For each incoming photon, Alice randomly choses phases of either dA=0 or d
′
A=pi/2, Bob randomly
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applies either dB=0 or d
′
B=-pi/2. After a series of EPR particles has been measured, they announce publicly the
settings of their analyzers but not which detector registered the photon. They then discard all measurements in which
δA + δB 6= 0 as well as the instances where either or both of them failed to register the photon. For the remaining
instances (δA + δB = 0) the results of their measurements should be perfectly correlated. To assess the security of
their communication,
Alice and Bob publicly compare a random part of their key. If they find that the tested bits are perfectly correlated,
they can infer that the remaining bits are also perfectly correlated and that no eavesdropper has tried to listen in.
The remaining bits can now be used to form the cryptographic key.
In practice, also if no eavesdropper disturbed the key exchange, there will always be some corrupted bits due to
imperfections of the experimental setup. Using standard error correction schemes, they can be localized and removed.
However, since Alice and Bob can never be sure whether the presence of uncorrelated bits are due to the poor
performance of their setup, they always have to assume that all errors are caused by an unlegitimized third person.
The information about the key that Eve might have gained can be reduced arbitrarily close to zero using a procedure
called privacy amplification [36]. However, this procedure only works if the common information between Alice and
Bob is higher than the one between Eve and any of the two others. This is the case whenever the bits, Alice and Bob
share, remain sufficiently well correlated in order to violate Bell inequalities [37].
It is interesting to note that besides ensuring the security of entanglement based quantum cryptography, the Bell
inequality is even connected to the one qubit application of quantum cryptography: an eavesdropper (Eve) on a
quantum channel can get more information than the receiver (Bob) if and only if the noise she necessarily introduces
in the channel by eavesdropping is so large that Bell inequality can no longer be violated [37].
III. EXPERIMENTAL SETUP
A. General setup
The schematic setup of the experiment is given in Fig. 1. A source creating pairs of energy-time entangled photons
is placed at a telecommunication station near Geneva downtown. One of the correlated photons travels through 8.1
km of installed standard telecom fiber to an analyzer that is located in a second station in Bellevue, a little village 4.5
km north of Geneva. Using another installed fiber of 9.3 km, we send the other photon to a second analyzer, situated
in a third station in Bernex, another little village 7.3 km southwest of Geneva and 10.9 km from Bellevue. Absorption
in the connecting fibers are 5.6 dB and 4.9 dB, respectively, leading to overall losses in coincidences of about a
factor of 10. The analyzers consist of all fiber-optical interferometers with equal path length differences. Behind the
interferometers, the photons are detected by photon counters and the (now classical) signals are transmitted back to
the source where the coincidence electronics is located. Finally, the results of the measurements made at different
analyzers are compared in order to reveal the nonlocal correlations.
B. The two-photon source
The main elements forming a two-photon source are a pump laser and a nonlinear crystal (see also Fig 1). To
generate pairs of energy-time entangled photons suitable for long fiber transmissions, the pump laser has to have the
following properties: Its wavelength must be adjustable in order to create photon pairs at a wavelength at which
losses and pulse broadening caused by chromatic dispersion (see section dispersion in fibers) are small. In order to
work in the second telecommunications window at 1310 nm, the wavelength of the pump laser (half the wavelength
of the created photon pairs) should thus be tunable around 655 nm. Besides that, its coherence length must be
large compared to the path-length difference short-long of the interferometers in order to maintain the coherence of
the processes |s〉1|s〉2 and |l〉1|l〉2. Comercially available laser diodes more or less meet these requirements. Their
wavelength can be slightly tuned by changing their temperature. For example, a drop of 5◦C will go along with a
decrease of wavelength of ≈ 1 nm. The coherence length of such diodes varies with temperature and laser current and
can attain values of up to 50 cm. In our 1997 experiment, we used a laser diode from RLT (6515G; 8 mW at 655.7
nm). The coherence length was long enough to demonstrate the existence of the entangled state (Eq. 3). However,
in order to use energy-time entangled pairs for applications like quantum key distribution, a better performance is
necessary. The two-photon source used in our 1998 experiment was based on a laser diode with external cavity (Sacher
Lasertechnik; 10 mW at 654.8 nm) having a coherence length of around 100 m.
The light from the pump laser passes through a dispersion prism P to separate out the residual infrared fluorescence
light and is focused into a KNbO3 crystal (Casix) (see Fig.1). The crystal is oriented to ensure degenerate collinear
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type-I phase matching for signal and idler photons at 1310 nm (hence the downconverted photons are both polarized
orthogonally with respect to the pump photon). Due to these phase-matching conditions, the single photons exhibit
rather large bandwidths of about 70 nm full width at half maximum (FWHM). Behind the crystal, the pump light is
separated out by a filter F (RG 1000) while the passing down-converted photons are focused (lens L) into one input
port of a standard 3-dB fiber coupler. Therefore half of the pairs are split and exit the source by different output
fibers. The whole source including stabilization of laser current and temperature is of small dimensions and hence
can easily be used outside the laboratory (in 1997 a box of about 40× 45× 15 cm3, in 1998 two boxes, each of about
30× 40× 15 cm3).
C. The interferometers
The two analyzers consist of all-fiber optical Michelson interferometers made of standard 3 dB fiber couplers. In the
1997 experiment we used chemically deposited end mirrors, in the 1998 one so called Faraday mirrors FM to reflect
the light. (For the advantages of the latter solution see the section about dispersion in optical fibers and ref. [38].)
The optical path-length differences (20 cm of optical fiber or 1 ns time difference in the 1997 experiment, 24 cm of
optical fiber or 1.2 ns time difference in the 1998 one) are within 10 µm equal in all interferometers. To control and
change them, the temperature of the devices can be maintained constant or can slowly be varied.
To build fiber optical interferometers with almost identical path-length differences, we proceeded along the following
lines (we first give the description for the 1998 experiment): In a first step we set up two interferometers with
roughly 8 mm difference of path-length difference (from now on called discrepancy). In a second step, we measured
the exact value of this discrepancy. To do so, we connected the two interferometers together with a third bulk-
optical interferometer in series and illuminated them with a LED. When scanning the bulk-optical interferometer, one
can find interferences if the path-length difference in the bulk optical interferometer equals the discrepancy within
interferometers one and two. By this means one can measure this discrepancy with a resolution of a few µm. Changing
the path-length difference of one of the two interferometer by cutting off the additional length of fiber, we were able
to build interferometers with equal (within 10 µm) path-length differences. As we use Faraday mirrors to reflect
the light, hence can not cut off the end of a fiber, we had to chop a peace of fiber in the middle of the arm. The
tool used to cut the fiber precisely was made out of a fiber cleaver (Fujitsu) and a micro-translation stage. In the
1997 experiment, we directly cut the interferometers to have the most similar path- length differences possible. After
having measured the discrepancy, we did the final alignment by polishing one interferometer arm. Only after this
procedure the fiber ends were reflection coated.
In order to have access to the second output ports of the analyzers, normally coinciding with the input arm for
Michelson interferometers, we used 3-port optical circulators C (JDS Fitel) in the 1998 experiment. This non-reciprocal
device, based on the Faraday effect, enables to direct light from an input port 1 to output 2 and from port 2, serving
now as input, to a third port regardless of the polarization state of the light.
D. Dispersion in optical fibers
Two problems which have to be faced when using optical fibers are chromatic dispersion (CD) and polarization
mode dispersion (PMD), especially when working with light of large bandwidth (in our case around 70 nm FWHM).
For both effects, we have to distinguish between dispersion in the fibers connecting the source to the analyzers, and
dispersion in the fibers forming the short and the long arms of the interferometers. However, for a good performance,
both effects have to be seen in connection. We will first discuss the effects of chromatic dispersion.
In general, a light pulse travelling in dispersive media becomes broadened. In our case of coincidence detection
of two photons, the increasing detection time jitter lead to a loss of temporal correlation between the two photons
forming a pair. The resulting less perfect discrimination of the satellite coincidence peaks (see Fig. 2) then causes a
smaller visibility. This problem could be solved using interferometers with larger path-length differences. However,
different pulse broadening in the intereferometer arms, increasing with increasing arm-length difference, leads to a
smaller visibility as well. It has been shown [39–42] that each of both CD effects, inside and outside the interferometer,
can be cancelled out using photon pairs created by parametric downconversion. The strict anti-correlation of signal
and idler photon enables to achieve a dispersion for one photon which is equal in magnitude but opposite in sign to
that of the sister photon. The effect of broadening of the two wave packets then exactly wipes out (assuming a linear
dependence of CD in function of the optical frequency, a realistic assumption). Two incidentally coincident photons
stay coincident and no decrease of visibility due to different wave-packet broadening occurs. However this cancellation
requires a choice of the frequencies of signal and idler photon which is determined by the dispersion properties of the
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used fibers. As the fibers connecting source and interferometers and the fibers inside the interferometers are certainly
not identical, complete cancellation of all dispersion effects at the same time is impossible. For instance, in the 1998
experiment we used a pump wavelength of 654.8 nm to create photon pairs at 1309.6 nm, leading to a dispersion
caused time jitter which is below our limit of resolution, hence does not prevent from discriminating the satellite
peaks. (The zero of CD for the fiber going to Bellevue is around 1312 nm, for the fiber going to Bernex around 1305
nm.) With two classical light pulses, this cancellation effect would be impossible. Even in the best case of centering
the pulses around the zero of chromatic dispersion, we estimate a CD caused broadening of at least 600 ps for pulses
of the same bandwidth. It is difficult to estimate the limitation of the visibility due to chromatic dispersion effects in
the fibers forming the interferometers as we do not know the dispersion data of those fibers. However, even a deviation
of a few nm from the zero dispersion wavelength (usually close to 1310 nm) causes only small effects. Therefore the
influence on the visibility should be neglectable.
We now discuss the problems caused by PMD, first the effect of depolarization in the connecting fibers [43].
Indeed, if the relative delay ∆τ between the two modes of polarization transmitted by an optical fiber is larger than
the coherence time of the photons (please note that the so called single mode fiber actually guides two modes of
polarization), then an initially polarized photon completely looses its polarization. The single photons transmitted in
our experiment have a bandwidth of approximately 70 nm (FWHM), corresponding to a coherence time τc of around
90 fsec (FW 1
e
Max). Using the standard value for PMD for modern telecommunication fibers of 0.5 ps/
√
km, and a
fiber length of 8 km, we find ∆τ = 0.5 ps√
km
√
8km ≈ 1.4 ps which is more than one order of magnitude larger than τc.
Thus the photons arriving at the stations in Bellevue and Bernex, respectively, are completely depolarized, a result
we confirmed in a seperate experiment. Hence, an experiment using polarization entangled photons with similar
bandwidth would be impossible. However, as our experiment does not take advantage of polarization entanglement,
the effect of PMD in the connecting fibers is without consequences. In contrast to that, PMD in the fibers forming
the interferometers either has to be avoided or to be compensated as it will lead to a decrease of visibility. In the 1997
experiment, we aimed to avoid all birefringence by placing the fibers which form the arms of the interferometer straight
and without stress into copper tubes. However, a small temperature dependent birefringence could still be observed,
probably caused by mechanical stress induced by the housing of the fiber coupler. To overcome this inconvenience,
we used so called Faraday mirrors in the 1998 experiment [44]. This device consists of a 45◦ Faraday rotator in
front of a conventional mirror to reflect the light at the end of the interferometer arms. These mirrors ensure that a
photon, injected in any arbitrary polarization state into one of the interferometric arm will always come back exactly
orthogonally polarized, regardless any birefringence effects in the fibers. Hence, no polarization alignment is required.
E. The photon detectors
To detect the photons, we use germanium avalanche photodiodes (APD; NEC NDL5131P1) which we operate in the
so called Geiger mode. This means that the bias voltage exceeds the breakdown voltage, leading an impinging photon
to trigger an electron avalanche which then causes a macroscopic current pulse. After detection of this pulse, the
avalanche has to be stopped and the diode to be charged again. A large (typically 50 kΩ) resistor is connected in series
with the APD. This causes a decrease of voltage across the APD below breakdown after the beginning of an avalange,
and thus leads to so called passive quenching of the avalanche. The recover time of the diode is given by the value
of the quench resistor and their capacity. The emission of electrons trapped during the process of recharging leads
to an elevated possibility to get a count not caused by a photon after an avalanche has taken place. The afterpulse
fraction describes the probability to count such an afterpulse. For a more thorough review of photon counting with
APDs, which is beyond the scope of this paper, we refer the interested reader to [45].
Unfortunately, germanium APDs show a lot of dark counts D, a higher afterpulse fraction and a smaller efficiency
η compared to silicon APDs which can be used to count photons only of up to about 1000 nm wavelength. Hence,
the advantage to use a wavelength where fiber losses are low in order to achieve long transmission distances has a
drawback: the possibility to have an accidental coincidence caused by two dark counts happening at the same time or
by a detection of a photon simultaneously with a dark count instead of the correlated photon which has been absorbed
is high compared to short distance experiments using silicon detectors. Thus, the true coincidences might be hidden
behind accidentals. The maximum achievable visibility for photon pair interference without subtraction of accidental
coincidences is limited by the number of detected coincidences in the interference maximum (C) and the number of
accidental ones (A).
Vmax =
C −A
C +A
. (11)
Hence, to achieve a visibility above 0.71, the ratio of detected to accidental coincidences (C/A) has to be larger than
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C/Acritic = 5.9, (12)
assuming no reduction of visibility due to any other causes.
As usual, we operate the APDs at liquid nitrogen temperature (77K) in order to decrease the number of dark
counts. To quench the avalanches we use a relatively high resistor of 180 kΩ. The long recover time guarantees that
most of the trapping centers are already empty before the diode is charged again, hence ensures a low afterpulse
fraction. At the same time, the quantum-efficiency-to-noise ratio η/D increases. Besides the high quench resistor, in
the 1998 experiment we implement large electronic deadtimes of about 4 µs. By this means we suppress the counting
of pulses when the diode is not completely charged, which would lead to an increasing time-jitter. In the 1997
experiment, a quench resistor of only 50 kΩ had been chosen and no extra electronic deadtime was applied. However,
the performance of the subsequent time to pulse hight converter (see section V.G.) ensures a similar deadtime, at
least for the detector providing the start pulse.
To ensure that the overall quantum efficiencies in both detectors attached to the same interferometer are equal, we
adjusted bias voltage and additional losses for both detectors in a way, that dark and light count rates are as similar as
possible. We operated the detectors within a regime where dark count rates are of roughly 25 kHz, and we find quantum
efficiencies of about 5%. The setup of our two-photon source leads to a separation of 50 % of the created photon
pairs. Losses in the connecting fibers are 90 % and excess losses in each interferometer around 50%. In addition, we
loose 50 % of coincidences due to a small coincidence window. Finally, and being a fundamental problem for Franson
type experiments, the discrimination of the satellite coincidence peaks further reduces the coicidences by a factor of
two. All together, we find a probability to detect an emitted photon pair of about 8*10−6. The time jitter for the
coincidence detection is around 350 ps FWHM and ensures a negligible contribution of the satellite coincidence peaks.
We measure a ratio C/A of around 20 which permits to violate Bell inequalities without subtraction of accidental
coincidences. Using the diodes at lower dark count rates would increase the fraction η/D even more, however, the
growing time jitter would require a larger coincidence window, hence would lower the ratio C/A. Moreover a more
important part of the satellite peaks would fall into the window as well.
F. Transmission of results of measurements
The classical information about detection time and detector number has to be transmitted to a common place (in
our case the place where the source is located). To do so, we use supplementary telecommunication fibers. The two
possibilities to detect the photon (either detector + or –) is encoded in series of two short laser pulses separated by
a short (detector –) or a long (detector +) delay. The pulses are detected by ordinary pin photodiodes and the delay
between the pulses is transformed into the detector label again. Another possibility for transmission of the classical
information would be to use one fiber for each detector. However the latter solution would bring up the need for
additional pulsed lasers and pin photodiodes.
Care must be taken not to introduce additional time jitter during the processes of coding, transmission and decoding,
as a large incertitude on the arrival time will lead to a loss of temporal coherence and hence to a superposition of the
satellite and the central coincidence peaks.
G. Measurement of correlations
In order to reveal the nonlocal correlations, one has to compare the results of the measurements at the distant
analyzers. The signals from the pin photodiodes trigger time to pulse height converters (TPHC; Tenelec ?). We
choose the signals coming from Bellevue to start, the signals coming from Bernex to stop the TPHCs. For each
pairing of detectors belonging to different interferometers, we get a series of three peaks in the time spectrum (Fig 2).
Window discriminators permit to count coincidences within intervals of a few hundred ps which are centered around
the interference peaks. We measure the four different coincidence count rates Ri,j in a single run, yielding directly the
correlation coefficient E(δ1, δ2) (Eq. 1) (in the 1997 experiment, only one coincidence function was measured, hence
the correlation function had to be deduced from symmetry arguments).
Please note that it is important to register each pairing of detectors with a different TPHC. Indeed, separating
coincidence peaks belonging to different couples of detectors only by introducing different delays between start and
stop leads to summation of the accidental coincidences of all pairings and thus to a decrease of the ratio C/A. As we
used only two TPHC, we utilized a kind of multiplexing in order to register all coincidence count rates. Each TPHC
was triggered by two different pairings of detectors. By assigning each TPHC output to the belonging pairing, we
could overcome the problem of counting the ensemble of accidental coincidences in each channel.
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IV. RESULTS
We monitored the four coincidence count rates as a function of time and slowly changed the phases δ1, δ2 while
measuring. As the coherence length of the single photons is five orders of magnitude smaller than the arm-length
difference of the interferometers, no phase dependent variation of the single count rates can be observed. Hence our
assumption of rotational invariance is well satisfied. However, the coincidence count rates as well as the correlation
coefficient, calculated from the four rates using Eq. 1, show sinusoidal variation when changing the phases in the
interferometers.
A. Experiments with two interferometers
In order to test the quantum mechanical predictions that the correlation function depends only on the sum of
the phases in both interferometers and not on the actual phases in either one, we perform the following experiment.
We change the path-differences of both interferometers first in opposite directions, then in the same directions and
compare the frequencies observed for the correlation function with the frequencies measured when scanning only one
of the two interferometers (Fig. 3, table I, table II). Calculating the frequencies for a joint scan of both interferometers
from the frequencies observed when scanning only one, we find them to be in almost perfect accordance with the
measured values. From this, we can conclude that indeed the correlation function does depend on the sum of the
phases in both interferometers (δ1 + δ2) as described by Eq. 5. Hence we can calculate the parameter S from the
observed visibilities (Eq. 9).
In all cases we systematically find values exceeding the limit given by the Bell-inequalities by at least 8 standard
deviations (σ). The raw data for a variation of the Bernex-interferometer yield a visibility of (86.2±1)%, leading
to Sraw = 2.44 and a violation of Eq. 9 by 15.5 σ. Most of the difference between this result and the theoretical
prediction of S=2
√
2 ≈ 2.83 can be attributed to accidental coincidences.
We measure them by delaying the stop signals by additional 8 ns. Therefore the signals representing correlated
photons arrive apart from the detection window. We thus destruct all correlation between the signals from the two
detectors, leaving only accidental coincidences to be measured. However, we find the true value if and only if there is
no elevated coincidence rate caused by detection of a photon 8 ns before. Since the time spectrum shows an uniformly
distributed noise floor (the detector deadtimes prevent from counting an afterpulse up to 4 µs after detection of a
photon), it is natural to assume that we can indeed infer from the measured to the true rate of accidental coincidences.
Besides, the measured rate of 26.4±1.3 per 30 sec is in excellent agreement with the one we can calculate from the
single count rates (39.5 kHz) and the size of the coincidence window ((550±10) ps). Indeed, by the latter means we
find 25.7±0.5 accidental coincidences per 30 seconds. Subtracting them, we obtain Vnet = (93.3±1.1)%, corresponding
to Snet = 2.64 and a violation of Eq. 9 by 20.5 σ.
In two further measurements we changed the path-length difference in either one of the two interferometers within
a quite large range while the other interferometer is kept stable. The results are listed in table III. Fig. 4 shows the
variation of the correlation coefficient observed for a scan in the Bellevue-interferometer. The correlation function
shows a sinusoidal function with a gaussian envelope representing the coherence length of the single photons [46].
From this envelope, we calculate a coherence length of around 13µm corresponding to a bandwidth of around 70
nm FWHM. Fitting only the two central periodes of the correlation functions with a sinusoidal function, we find
visibilities of up to Vraw = (85.3±0.9)% (Vnet = (95.5±1)%), leading to Sraw = 2.41 (Snet = 2.70) and a violation of
Eq. 9 by 16.2 σ (24.8 σ).
Besides determining the correlation functions for the above mentioned measurements, we made fits of the underlying
coincidence functions Ri,j (i,j=±1) as well. The results can be found in tables I and III. We find the visibilities to be
in close agreement with the values for the correlation function. However, even if the single count rates show almost
perfect symmetry, there is a difference in the mean values of the coincidence counts. We found the cause for this
effect to be the large bandwidth of the single photons in connection with different spectral quantum efficiencies of the
different detectors. Therefore the sum of the coincidence rates of one detector with both detectors on the other side
(i.e. R++ + R+−) is not constant. However, if summing over all coincidence rates, we always find the same value,
confirming that the size of the detected samples of photon pairs does not change.
B. Experiments with three interferometers
In order to test the CHSH-Bell inequality (Eq. 2), we have to measure the correlation coefficients for the discrete
phase differences given in Eq. 6. To do so, we modify our setup in the following way (see inlet in Fig. 1). The fiber
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arriving in Bellevue is connected to a standard 3 dB fiber coupler. Each output arm of this coupler is followed by
an interferometer of the same kind as described before. Hence each incoming photon is analyzed by one of the two
different phase settings. As we did not have enough circulators and detectors, we were able to observe only one output
of each analyzer. For this reason we could only measure two of the four coincidence count rates needed to calculate
the correlation function (Eq. 1). To infer from the measured functions to the correlation function we thus have to
assume the same symmetry between the coincidence functions as we found in the experiments described before. With
this quite natural assumption, we can evaluate the correlation functions E(d1, d2) and E
′(d′1, d2) at the same time,
hence for exactly the same setting d2. Fig. 5 shows the correlation coefficients observed when changing the phase δ2
in the Bernex interferometer. We find again sinusoidal functions, the parameters for best fits are listed in table IV.
For the difference of phases δ1−δ′1 between the two interferometers in Bellevue we obtain pi/2.25, which is close to the
ideal value of pi/2, needed to maximally violate Bell inequalities. Visibilities are about 77.5% without and about 95.5
% with subtraction of accidental coincidences. We can now directly evaluate the value of the Bell parameter S from
looking at the correlation coefficients for two different parameters δ2. For the indicated points we find Sraw = 2.38
±0.16 and Snet = 2.92±0.18 leading to a violation of 2.4 respectively 5.1 standard deviations. Using the parameters
obtained for the best fits in order to more precisely determine value and incertitude of the four points, we find Sraw
= 2.186 ±0.033 and Snet = 2.692±0.038 leading to a violation of 5.6 respectively 18.2 standard deviations.
C. Experiments with four interferometers
In order to measure all four different correlation coefficients required to test the CHSH-Bell inequality at the same
time, we perform an experiment with four interferometers, one couple on each side of the source. This time, the whole
setup is located in our laboratory. The interferometers are placed 2 meters from the source with connecting fibers of
5 meters. Each combination of interferometers leads to a different correlation coefficient. Again we can measure only
four different coincidence rates and thus have to assume the same symmetry as we already did before. Doing so, we
can calculate the correlation coefficient by normalizing the coincidence rates with their mean value. From Eq. 4 and
Eq. 5 we get
Ek(δ1, δ2) =
Rk(δ1, δ2)
m
− 1, (13)
k denoting one of the four possible combinations of interferometers. We fix the difference between phases of one
couple of interferometer (I3, I4) to be pi/2. Then we scan the two other interferometers with different frequencies.
This leads to sinusoidal variation of all coincidence rates (see Fig 6). Best fits enable to very precisely determine mean
values, frequencies and phases (see table V). Using Eq. 13 we calculate the correlation coefficients Ek, leading to the
Bell-parameters S
S = E1 + E2 + E3 − E4. (14)
The results are shown in Fig 7. Using the values of the four indicated points, we find Sraw = 2.41 (Snet = 2.63) and
a violation of the CHSH-Bell inequality by 5.1 σ (7.5 σ). The theoretical prediction for a phase difference of pi/2,
sinusoidal functions and equal visibilities for all correlation functions leads to
Stheo = −2
√
2V sin
(
t− a1
2ω1
+
t− a2
2ω2
)
sin
(
t− a1
2ω1
− t− a2
2ω2
− pi
4
)
(15)
with t being the time in numbers of measurement intervals. Using frequencies and phases found by fitting the
correlation coefficients (Fig 6, table V) and fitting only the visibility V, we find Vraw = (86.6 ± 1.1)%, (Vnet =
(94.2± 1.1)%) leading to Sraw = 2.45 (Snet = 2.66) and a violation of the CHSH-Bell inequality by 14.5 σ (22 σ) (see
also table V).
V. DISCUSSION
All our experimental results are in good agreement with quantum mechanics. The measured two photon fringe
visibility around 86% can be almost entirely explained by the detectors noise. And since we found a similar netto
visibility of (94.3±0.5)% in an experiment carried out in our lab, one has to conclude that the distance does not
affect the nonlocal aspect of quantum mechanics, at least not for distances up to 10 km. As already mentioned in the
introduction, no experiment up to date could close the detection loophole. In particular, long-distance experiments
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will probably never be suitable for a decisive test as transmission losses will always be to high to allow detection of
more than 66.7% of the created photons [47]. Below we discuss separately the relevance of our results for the debate
on the locality loophole and for applications in quantum cryptography.
A. The locality loophole
The locality loophole is based on the assumption that, somehow, the settings δ1 and δ2 of the analyzers influence
the photon pairs emitted by the source. Hence, each settings would analyze differently prepared photons. In order
to close this loophole, the settings should be chosen only after the photons left the source. Hence, long distance
experiments are favourable. Ideally, a physicist (or any being enjoying freedom) would make the setting’s choice. But
in practice, random number generators are used. In the experiment by Aspect et al. [5], a ”periodic” random number
generator determines into which of two analyzers with fixed parameter settings the particles are send (for a discussion
on its randomness see [14]). Obviously, our setups with three and with four interferometers are quite similar to the
one chosen by Aspect, provided one assumes that the photon takes a random choice at the fiber coupler and that
this choice is not predetermined by a hidden variable which ”knows” the settings of the analyzers behind the coupler.
Let us briefly elaborate on this point. A possible objection would be to refute the existence of randomness. But if
randomness exists, a ”quantum random number generator” would qualify as the best possible choice. Admittedly,
one could argue that it would be preferable that this quantum choice is made by a system independent of the particle
under test. This outside random number would trigger a fast electro-optic switch. In practice such switches (Lithium
Niobate modulators) have losses higher than 50%, hence it would be equally practical to use a passive splitter, as in
our experiment and to turn off the detectors of one of the analyzer! Turning off detectors can certainly not improve the
experiment. But from a logical point of view, the above discussion shows that the locality loophole is not independent
of the detection loophole, since for low detection efficiency passive spitters are equivalent to active ones.
B. Quantum key distribution
Let us turn now to the first promising application of entangled particles in the field of quantum communication,
quantum key distribution (QKD). The quantum bit error rate (QBER, the number of wrong bits divided by the
number of transmitted bits) of this scheme is related to the visibility V of the coincidence function before removal of the
accidental coincidences: QBER= 1−V
2
. Note, that subtracting the accidentals is impossible for quantum cryptography,
as there is no way to determine which coincidence counts are accidental and which are due to a photon pair. To
guarantee the security of the transmission, the visibility of the coincidence functions has to be above 1√
2
, hence the
quantum bit error rate below ≈ 15 %. Since we achieve raw visibilities of up to 85.2 % from which we can infer to a
QBER of 7.4%, we demonstrate that quantum key distribution with photon pairs is possible, even over distances of
more than 10 kilometers.
Our source and analyzers are easy to transport and our setup does not depend on specially manufactured fibers
but can be installed in every modern singlemode fiber network working at 1310 nm. Beyond that, it does not require
active polarization control. Therefore it is very promising for practical implementation of QKD, not far from existing
QKD schemes working with weak pulses [49]. However, a fast switching in order to really exchange a key still has
to be implemented. This switching can be done either by a phase modulator or, as we did in our last experiments
by using a fiber coupler connected to two interferometers with appropriate phase differences. The advantage of such
a setup is that no fast random generator and switching electronic is necessary. However, as the visibility and hence
the QBER decreases due to increasing losses, this setup is in our case limited to around 10 km, a distance which
is determined by the number of created photon pairs, overall losses and detector performance. A better way to do
entanglement-based quantum cryptography would be to use a source employing nondegenerate phasematching in order
to create correlated photons of different wavelengths, one at 1310 nm, the other one around 900 nm. This would allow
to use more efficient and less noisy silicon photon counting modules to detect the photons of the lower wavelength.
To avoid the high transmission losses of photons of this wavelength in optical fibers, the interferometer(-s) measuring
these photons could be placed next to the source. First investigations show that quantum cryptography over tens of
kilometers should be possible.
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VI. CONCLUSION
In conclusion, we have reported on experiments demonstrating strong two-photon correlations over more than 10
kilometers. Provided that our results are not affected by the remaining loopholes, we thus can confirm that nature
can not be described by LHVT. Beyond that, our experiments support the prediction of quantum mechanics that
distance has no effect on these quantum correlations. The experimental difficulties and possible solutions have been
discussed in length.
The feasibility of long-distance experiments now opens the door for several interesting possibilities, both in the field
of fundamental tests of quantum physics, as in the field of emerging applications of quantum information processing.
Among the latter, let us mention, in addition to quantum cryptography which is discussed in this article, the fascinating
possibility of entanglement swapping [50], dense coding [19] and of quantum teleportation [20] at large distances.
Among the even more fundamental issues, one interesting possibility is to test relativistic nonlocality [16]: Set one
analyzer in motion such that each on analyzer in his own inertial frame detects his photon first. The projection
postulate is then difficult to apply, if it applies at all [51].
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FIG. 1. Setup for experiments with two and three interferometers (inlet). See text for detailed description.
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raw netto raw netto raw netto raw netto
accidental
R++ 10.4 ± 1 142.2 ± 1.7 131.8 ± 1.9 136.8 ± 1.6 126.4 ± 1.9 134.8 ± 1.7 124.4 ± 1.9 126.7 ± 1.6 116.3 ± 1.9
R+- 11.2 ± 1.1 155 ± 1.7 143.8 ± 1.9 153.9 ± 1.7 142.7 ± 2 155.4 ± 1.7 144.2 ± 2 161.2 ± 1.8 150 ± 2.1
R-+ 11.6 ± 1.1 128.4 ± 1.6 116.8 ± 1.9 128.8 ± 1.6 117.2 ± 1.9 127 ± 1.6 115.4 ± 1.9 135.3 ± 1.7 123.7 ± 2
R-- 10.7 ± 1 140.7 ± 1.7 130 ± 1.9 137.4 ± 1.7 126.71.9 150.6 ± 1.7 139.9 ± 2 135.5 ± 1.7 124.8 ± 1.9
R++ 86.8 ± 1.1 93.6 ± 1.1 86.8 ± 0.9 94 ± 0.9 80.4 ± 1.2 87.1 ± 1.3 84.9 ± 1.3 92.5 ± 1.5
R+- 89.2 ± 1.1 96.1 ± 1.2 87.5 ± 1.1 94.4 ± 1.2 82.5 ± 0.9 88.9 ± 0.9 80.4 ± 1.3 86.4 ± 1.4
R-+ 87.1 ± 1.2 95.7 ± 1.4 84.1 ± 1.3 92.5 ± 1.4 80.2 ± 1 88.3 ± 1.1 79.7 ± 1.4 87.2 ± 1.5
R-- 85.7 ± 1.1 92.7 ± 1.2 86.2 ± 0.9 93.5 ± 1 81.3 ± 1.1 87.5 ± 1.2 84.5 ± 1.3 91.8 ± 1.4
86.2 ± 1 93.3 ± 1.1 84.8 ± 1 92.9 ± 1.1 79.3 ± 0.9 85.8 ± 1 82.1 ± 1.3 88.9 ± 1.3
exp 21.5 ± 0.05 21.5 ± 0.05 43 ± 0.3 43.3 ± 0.3 43.9 ± 0.26 43.9 ± 0.25 14.4 ± 0.04 14.4 ± 0.04
calc 43 42.7 14.4 14.4
S 2.44 ± 0.03 2.64 ± 0.03 2.4 ± 0.03 2.63 ± 0.03 2.24 ± 0.03 2.43 ± 0.03 2.32 ± 0.04 2.51 ± 0.04
violation [s] 15.5 20.5 14.1 20.2 9.6 15.1 8.8 14
Scan in
coincidence counts
visibilities
1/frequency [a.u.]
Bell parameter
BNX BEL BNX-BEL BNX+BEL
mean value mean value mean value mean value
coincidence functions coincidence functions coincidence functions coincidence functions
correlation function correlation function correlation function correlation function
TABLE I. Results for the experiment with simultaneous phase-change in both interferometers (see also table II and Fig. 3).
dark raw net
D1+ 25.5 38.3 12.8
D1- 25.5 37.4 11.9
D2+ 25.5 37.8 12.3
D2- 25.5 37.9 12.4
measurement interval [s]
window width [ps]
20
350
single counts [kHz]
TABLE II. Single count rates, measurement interval and window width for the experiment with simultaneous phase-change
in both interferometers (see also table I and Fig. 3).
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raw netto raw netto
dark dark
D1+ 25.4 39.5 14.1 22.9 34.5 11.6
D1- 25.3 38.6 13.3 23.5 34.3 10.8
D2+ 26.7 38.6 11.9 23.1 36.4 13.3
D2- 26.7 41 14.3 23.1 36.4 13.3
 measurement interval [s] 30 30
window width [ps] 550 450
accidental accidental
R++ 29 ± 2.4 221.8 ± 1.2 192.8 ± 2.7 18.2 ± 1.4 187.6 ± 0.9 169.4 ± 1.7
R+- 25.6 ± 2.3 285.7 ± 1.3 260.2 ± 2.7 16.6 ± 1.3 210.8 ± 1 194.2 ± 1.7
R-+ 25.4 ± 2.3 186.9 ± 1.1 161.5 ± 2.6 17.2 ± 1.3 192.3 ± 0.9 175.1 ± 1.7
R-- 25.8 ± 2.3 254.1 ± 1.3 228.3 ± 2.7 21.2 ±1.5 209.8 ± 1 188.6 ± 1.8
R++ 85.1 ± 0.5 98 ± 0.6 82.4 ± 0.6 91.3 ± 0.6
R+- 87.9 ± 0.5 96.6 ± 0.5 83.4 ± 0.5 90.5 ± 0.6
R-+ 85.1 ± 0.6 98.5 ± 0.7 82 ± 0.6 90.1 ± 0.6
R-- 85.6 ± 0.5 95.3 ± 0.6 82.6 ± 0.5 92.2 ± 0.6
l
c
83.7 ± 0.5 93.6 ± 0.5 81.1 ± 0.4 88.8 ± 0.5
2x l 85.3 ± 0.9 95.5 ± 1 79.3 ± 1.2 87.1 ± 1.3
S (2x l) 2.41 ± 0.03 2.7 ± 0.03 2.24 ± 0.03 2.46 ± 0.04
violation [s] 16.2 24.8 7.2 12.6
single counts [kHz]
coincidence counts
visibilities
Scan in
Bellevue Bernex
light light
correlation function correlation function
Bell parameter
 mean value  mean value
  coincidence functions   coincidence functions
TABLE III. Results for the experiments with large phase changes in Bellevue and Bernex, respectively (see also Fig. 4.). The
visibility ”lc” denotes the visibility of the correlation function for a fit over a whole coherence length (including the gaussian
envelope), ”2xλ” the one for a fit over only two periods. The Bell parameter S is given only for the last mentioned fit.
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raw netto
dark
D 1 25 30 5
D 1 ' 25 29 4
D 2+ 25 36 11
D 2- 25 36 11
 measurement interval [s]
window width [ps]
accidental
R 1+ 23.2 ± 2 126.7 ± 1.8 103.5 ± 2.7
R 1- 21.2 ± 1.9 118 ± 1.7 96.8 ± 2.5
R 1 ' + 19.2 ± 1.8 94.5 ± 1.4 75.3 ± 2.3
R 1 ' - 20 ± 1.8 100.3 ± 1.5 80.3 ± 2.3
d 1 78.9 ± 2 96 ± 2.3
d 1 ' 76.3 ± 2.2 95.2 ± 2.7
d 1 786.4 ± 0.1 786.4 ± 0.1
d 1 ' 791.6 ± 0.1 791.6 ± 0.1
d 1 23.5 ± 0.1 23.5 ± 0.1
d 1 ' 23.5 ± 0.1 23.5 ± 0.1
S 2.38 ± 0.16 2.92 ± 0.18
violation [s] 2.4 5.1
S 2.186 ± 0.033 2.692 ± 0.038
violation [s] 5.6 18.2
light
50
450
mean value
Bell parameter
single counts [kHz]
coincidence counts
visibilities
x0
1/frequency [a.u.]
  coincidence functions
indicated points
fit
TABLE IV. Results for the experiment with three interferometers (see also Fig. 5).
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raw netto
dark
D 1 22.8 46 23.2
D 2 22.5 39.8 17.3
D 3 22.8 43.5 20.7
D 4 23 50.8 27.8
 measurement interval [s]
window width [ps]
accidental
R 13 9.3 ± 0.9 103.7 ± 0.9 94.4 ± 1.3
R 24 10.1 ± 0.9 142.9 ± 1 133 ± 1.3
R 23 8.2 ± 0.8 84.5 ± 1 79±1.6
R 24 10 ± 0.9 129.4 ± 1.5 119.4 ± 1.6
R 13 86.8 ± 1.5 95.2 ± 1.8
R 24 85.6 ± 1.2 92.2 ± 1.3
R 23 87.6 ± 1.8 92.5 ± 2.4
R 24 80.5 ± 1.6 87.9 ± 1.8
R 13 567.2 ± 0.1 567.2 ± 0.1
R 24 557.1 ± 0.1 557.1 ± 0.1
R 23 547 ± 0.4 547.7 ± 0.4
R 24 568.5 ± 0.3 568.5 ± 0.3
R 13 39.2 ± 0.1 39.2 ± 0.1
R 24 39.1 ± 0.1 39 ± 0.1
R 23 85.6 ± 0.9 82.8 ± 1.3
R 24 86.3 ± 1 85.7 ± 1
S 2.41 ± 0.08 2.63 ± 0.08
violation [s] 5.1 7.5
S 2.45 ± 0.03 2.66 ± 0.03
violation [s] 14.5 22
single counts [kHz]
light
10
450
fit
Bell parameter
1/frequency [a.u.]
x0
 mean value
coincidence functions
indicated points
visibilities
coincidence counts
TABLE V. Results for the experiment with four interferometers (see also Fig. 6 and 7).
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